Introduction
The aim of this paper is to review four projects concerned with the design and construction of small superconducting linacs for heavy-ion acceleration. These are the projects at Argonnel, a Cal Tech-Stony Brook collaboration2, a proposal by a Karlsruhe3 group to build a linac at Heidelberg, and the Stanford4 project. Of these, only the Argonne linac is under construction; the others are all in the stage of proposals based on the results of extensive developmental efforts. This paper outlines the main features of the four design concepts.
All of the linacs considered are to serve as boosters of heavy ions from existing tandem electrostatic accelerators. The main components of a representative tandem-linac system are outlined in Fig. 1 . One starts with a negative-ion source at the low-energy end of the tandem. The beam from the source is partially bunched before injection into the tandem.
After acceleration to the tandem terminal, the negative ions are stripped in either a foil or in gas, and the multiply-charged positive ions so formed are accelerated back to ground potential.
After passing through an analyzing magnet, where a single charge state is selected, the beam is further bunched by a high-field resonator in order to produce the narrow pulses required for optimum acceleration in the linac. Also, either before or after the tandem, unbunched particles are removed by means of a chopper.
Because of the long flight path, the time required for an ion to pass from the pretandem buncher to the post-tandem buncher is unsteady. Consequently, some means is required to detect the rf phase with which ion bunches arrive at the post-tandem buncher. This In all projects considered, the linac itself is an array of short independently-phased resonators. Interspersed with these are focusing elements (quadrupoles or solenoids) that limit the beam size.
The superconducting linacs are being justified, to some extent, as a contribution to the development of a new technology. However, there is also a keen interest in using them for research. All of the accelerator systems are aimed at the needs of nuclearstructure research. The energy of most interest for such research is the region near the Coulomb barrier, that is, from a few MeV per nucleon to perhaps 15 MeV per nucleon. The accelerator systems considered here will effectively extend research into this band for ions in the lower part of the periodic table but leave untouched the high-mass region.
An accelerator for nuclear-structure research should have easy energy variability and it should provide ion beams of very good quality both with respect to transverse and longitudinal emittance. These characteristics are natural attributes of the tandem-linac system.
Beam Dynamics
An important feature of the linacs considered is that they are formed of short independently-phased resonators. The essential difference between them and a conventional linac is that the velocity profile is established by phasing rather than by the increasing lengths of successive accelerating units. Since the velocity need not be matched to the resonator length, the projectile phase may change greatly while it traverses the structure. Nevertheless, phase focusing is present in the same way as in a long structure with a well-established velocity profile. Consequently, the internal behavior of an ion needs to know, for a particular system, the mass dependence of the ratio U/U1, where U is the output energy and U1 is the energy of an idealized system in which the transit-time factor is unity for all resonators. An example is given in Fig. 4 . Even though only two sizes of resonators are used, the linac accelerates efficiently over a wide range of mass.
Bunching
A sophisticated bunching system is required for an optimum tandem-linac accelerator. One important requirement is to match the longitudinal phase space of the beam to the linac. As indicated in Fig. 2 , one may wish to have ion bunches as narrow as ± 25 psec, which is almost two order of magnitude narrower than is now standard practice. Moreover, because of low beam currents for some ions, the buncher should bunch a large fraction (say 80%) of the dc beam from the source. Calculations indicate that these requirements can be met by bunching in two stages, first before the tandem and then after the tandem. Of these, the first stage is by far the most difficult since there the ions are moving extremely slowly, and several time-spreading effects are important. Post-tandem bunching to form ultranarrow pulses has been shown experimentally6 to be easy.
The accelerator user may require a bunching frequency that ranges from perhaps 5 MHz up to the rf frequency. This challenge has not been accepted yet by buncher designers.
Accelerating Structures
The accelerating structures chosen for use are illustrated in Fig. 5, a Fig. 6 . Here, for a representative unloaded structure, Q is plotted as a function of the maximum surface electric field Esur. In the low-field region, the loss results mainly from the surface resistivity of the superconductor, whereas in the high-field region, electron field emission is dominant.
The maximum field strength that can be achieved is often determined by cooling. A second set of curves in Fig. 6 There are two main elements of a practical phase-control system: 1) an accelerating structure that is rigid enough to limit mechanical motion, and 2) some form of electrical feedback. Perhaps the most elegant electrical control is that used with the Cal Tech split ring, namely, negative phase feedback. The much higher stored energy of the Argonne split ring and the larger frequency variation of the Karlsruhe helix would make phase feedback an expensive approach; instead, both are contolled by a voltage-controlled reactance (VCX) that makes use of reactive power and involves switching PIN diodes.
The Stanford approach is to use a combination of mechanical deformation of the cavity wall and negative feedback. This (1) where UO is the incident energy and q is charge. The inverse relationship between the effective length of an accelerating structure and the number of units required to form a linac is apparent in the table. The optimum design is a compromise between having a minimum number of resonators and having individual units that are small enough to be manageable. More experience is required before this optimum is located with certainty.
Refrigerator sizes are influenced greatly by economics. However, a larger refrigerator would not increase the operating field greatly because field emission increases so rapidly with increasing field.
The total rf power required is small for all of the linacs under discussion, and most of it is used for phase control. Performance w4 Th elerating powers of the systems under discussion are specified in Table 1 . More detail is given in Fig. 7 for one system (Argonne), where the Phase I curve gives energy performance that is representative of a 20-MV linac formed largely of resonators of one size. The Phase II curve shows how the performance can be extended by the addition of only 6 low-6 resonators. EnergyVariablityj out utpa energy can be varied over a considerable range merely by changing the phase of the last resonator of the linac. If the phase is restricted to the almost linear part of the acceleration curve, then the output phase ellipse is almost independent of phase. A wider energy range can be covered by turning off resonators.
Beam Current
The linac is expected to accelerate almost all ions injected into it if they have the same charge. Thus, the output beam is determined almost entirely by the tandem and by stripping. If two strippers are used, the number of ions out of the linac can be about 2% of the number injected into the tandem. Typically, the output will be -1l011 ions per sec, which is adequate for most nuclearstructure research, especially in view of the good beam quality.
Beam Quality
If beam bunching is refined enough, the ion beam incident on the linac can be accelerated without a significant deterioration of beam quality. Thus, beam quality is established by the tandem and by bunching and stripping. Typically, the transverse emittance of the linac output is expected to range from 1 to 10 mm mrad, depending on the ion and the strippers.
The longitudinal emittance (the product AUAt) is determined primarily by pre-tandem bunching and stripping. The optimum is a system in which the post-tandem buncher forms a time focus at the second stripper so as to minimize the influence of straggling. Then AUAt is expected to be in the range 5 to 50 keV nsec, depending on the ion and on the stripper quality. These values correspond to a convention in which both AU and At are half widths at half maximum of the distributions. If the experimenter requires either better energy resolution or better time resolution, then the natural way to obtain it is to debunch or rebunch the beam, respectively. Typically, a debuncher-rebuncher system requires just one conventional resonator, and a flight path about 10 meters long can improve the energy resolution by a factor of 5. The time resolution can also be improved by a comparable factor, if the beam pulse is not extremely narrow initially.
